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AB STR ACT
I n j e c t i o n t e s t s a r e commonly performed i n geothermal w e l l s t o o b t a i n r e s e r v o i r and w e l l parameter data.
Most o f t h e t e s t s a r e analyzed assuming t h a t e i t h e r t h e i n j e c t e d f l u i d i s t h e same temperature as t h e r e s e r v o i r f l u i d
or t h a t a s t a t i o n a r y boundary separates t h e r e s e r v o i r r e g i o n s o f d i f f e r e n t f l u i d p r o p e r t i e s . I n g e n e r a l , n e i t h e r o f these assumptions a r e a p p r o p r i a t e f o r t h e a n a l y s i s o f n o n i s o t h e r m a l i n j e c t i o n t e s t s . Pressure t r a n s i e n t s i n
response t o n o n i s o t h e r m a l i n j e c t i o n a r e c o n t r o l l e d , t o a g r e a t e x t e n t by t h e temperature-dependent f l u i d p r o p e r t i e s , v i s c o s i t y and d e n s i t y . I n t h i s study, n u m e r i c a l l y s i m u l a t e d p r e s s u r e t r a n s i e n t s d u r i n g i n j e c t i o n and f a l l o f f t e s t s a r e analyzed t o develop methods f o r o b t a i n i n g t h e c o r r e c t p e r m e a b i l i t y -t h i c kness o f t h e r e s e r v o i r and t h e s k i n f a c t o r f o r t h e w e l l .

The r e s u l t s show t h a t t o c o r r e c t l y analyze p r e s s u r e t r a n s i e n t s governed by a moving t h e r m a l f r o n t , t h e v a l u e s used f o r t h e f l u i d p r o p e r t i e s must correspond t o t h e temperature o f t h e i n j e c t e d f l u i d . On t h e o t h e r hand, f o r p r e s s u r e f a l l o f f t e s t s and f o r i n j e c t i o n t e s t s conducted i n a w e l l cooled by p r e v i o u s i n j e c t i o n o r d r i l l i n g , t h e p h y s i c a l p r o p e r t i e s o f t h e
i n s i t u r e s e r v o i r f l u i d s must be used.
I t i s a l s o shown t h a t t h e a p p l i c a t i o n of c o n v e n t i o n a l i s o t h e r m a l methods f o r c a l c u l a t i n g skin values from i n j e c t i o n and f a l l o f f d a t a w i l l g i v e erroneous r e s u l t s . A new method i s presented f o r c a l c u l a t i n g s k i n v a l u e s from i n j e c t i o n and f a l l o f f d a t a t h a t a c c u r a t e l y c o r r e c t s f o r n o n i s o t h e r m a l e f f e c t s .
A number o f d e t a i l e d examples a r e g i v e n t h a t i l l u s t r a t e t h e suggested method o f a n a l y s i s .
The technique i s a p p l i e d t o t h e a n a l y s i s o f i n j e c t i o n t e s t d a t a from a w e l l l o c a t e d i n t h e East Mesa
geothermal f i e l d i n s o u t h e r n C a l i f o r n i a .
INTRODUCTION
I n j e c t i o n t e s t s i n geothermal w e l l s a r e commonly performed f o r t h r e e s p e c i f i c purposes:
r e s e r v o i r t r a n s m i s s i v i t y and s k i n f a c t o r o f t h e w e l l can be c a l c u l a t e d , ( 2 ) t o s t i m u l a t e n a t u r a l l y f r a c t u r e d geothermal w e l l s , and ( 3 ) t o determine t h e cause o f r e i n j e c t i o n problems.
U s u a l l y , t h e temperature o f t h e i n j e c t e d f l u i d i s d i f f e r e n t from t h a t o f t h e i n s i t u r e s e r v o i r f l u i d . I n o r d e r t o i n t e r p r e t t h e p r e s s u r e t r a n s i e n t d a t a c o r r e c t l y from any o f these t e s t s , t h e e f f e c t o f n o n i s o t h e r m a l r e s e r v o i r c o n d i t i o n s must be understood. For t h e i n t e r p r e t a t i o n o f w e l l t e s t data, t h e two most i m p o r t a n t temperature-dependent p r o p e r t i e s o f water a r e t h e dynamic v i s c o s i t y and d e n s i t y . dynamic v i s c o s i t y and d e n s i t y o f water a r e p l o t t e d as a f u n c t i o n o f temperature.
Between 20°C (1) t o o b t a i n p r e s s u r e t r a n s i e n t d a t a from which t h e I n F i g u r e 1, t h e t h e
The f l u i d d e n s i t y decreases by D u r i n g n o n i s o t h e r m a l i n j e c t i o n , a r a d i a l t h e r m a l -d i s c o n t i n u i t y i s formed around t h e w e l l . With i n c r e a s e d i n j e c t i o n , t h e d i s t a n c e t o t h e d i s c o n t i n u i t y i n c r e a s e s .
t h e moving t h e r m a l f r o n t on t h e p r e s s u r e t r a n s i e n t response must be considered t o c o r r e c t l y i n t e r p r e t n o n i s o t h e r m a l i n j e c t i o n and f a l l o f f t e s t s .
Both t h e e f f e c t o f t h i s r a d i a l d i s c o n t i n u i t y and t h e e f f e c t s o f Numerous s t u d i e s have been p u b l i s h e d on t h e a n a l y s i s o f w e l l t e s t d a t a
i n r e s e r v o i r s with r a d i a l d i s c o n t i n u i t i e s . Many o f these have d e a l t with d i s c o n t i n u i t i e s c r e a t e d by w a t e r f l o o d i n g , steam i n j e c t i o n o r i n s i t u combust i o n . One o f t h e e a r l i e s t papers, authored by Hazebroek e t d . l , presented a method f o r a n a l y z i n g p r e s s u r e f a l l o f f t e s t s i n water i n j e c t i o n w e l l s . The method i s based on a t r i a l and e r r o r procedure i n which t h e l a t e t i m e p r e s s u r e t r a n s i e n t d a t a a r e a d j u s t e d t o make them l i n e a r on a p r e s s u r e vs. l o g ( t i m e ) p l o t .
Using t h i s procedure, t h e c o r r e c t average r e s e r v o i r pressure, t h e p e r m e a b i l i t y -t h i c k n e s s o f t h e r e s e r v o i r and t h e s k i n f a c t o r o f t h e t h e w e l l can be determined.
Several o t h e r a u t h o r s have r e p o r t e d on t h e development o f a n a l y t i c s o l u t i o n s o r approximate a n a l y t i c s o l u t i o n s f o r c a l c u l a t i n g p r e s s u r e t r a n s i e n t s i n composite r e s e r v o i r systems w i t h a s t a t i o n a r y boundary s e p a r a t i n g t h e r e s e r v o i r r e g i o n s o f d i f f e r e n t f l u i d or r o c k These s t u d i e s show t h a t two semi-log s t r a i g h t l i n e s should be observed, t h e f i r s t c o r r e s p o n d i n g t o t h e r o c k o r f l u i d p r o p e r t i e s o f t h e i n n e r r e g i o n , and t h e second one t o t h e p r o p e r t i e s o f t h e o u t e r region.
o f t h e two r e s e r v o i r r e g i o n s can be c a l c u l a t e d from t h e s l o p e s o f t h e two semi-log s t r a i g h t l i n e s . The skin f a c t o r for t h e w e l l can be c a l c u l a t e d w i t h c o n v e n t i o n a l methods from t h e f i r s t semi-log s t r a i g h t l i n e . The r a d i a l d i s t a n c e t o t h e d i s c o n t i n u i t y can be e v a l u a t e d from t h e t i m e a t which t h e two semi-log s t r a i g h t l i n e s i n t e r s e c t .
s i m u l a t e t h e p r e s s u r e f a l l o f f i n systems w i t h r a d i a l d i s c o n t i n u i t i e~~'~.
These a u t h o r s have i n v e s t i g a t e d the e f f e c t s o f d i f f e r e n t m o b i l i t y r a t i o s , s t o r a g e c a p a c i t y r a t i o s , a f t e r f l o w , and t h e presence o f r e s e r v o i r boundaries on t h e p r e s s u r e t r a n s i e n t data. They show t h a t u n l e s s t h e s t o r a g e c a p a c i t y i s n e a r l y t h e sane on b o t h s i d e s o f t h e d i s c o n t i n u i t y , t h e s l o p e o f t h e second semi-log s t r a i g h t l i n e can n o t be used t o c a l c u l a t e t h e p e r m e a b i l i t y -t h i c k n e s s o f t h e o u t e r region.
Furthermore, i f t h e a f t e r f l o w i s l a r g e , i t may n o t be p o s s i b l e t o determine t h e p r o p e r t i e s o f t h e i n n e r r e g i o n and t h e c a l c u l a t e d d i s t a n c e t o t h e d i s c o n t i n u i t y i s erroneous. I n these papers, g u i d e l i n e s a r e g i v e n t o a v o i d m i s i n t e r p r e t a t i o n o f f a l l o f f d a t a a f f e c t e d by these problems.
The p e r m e a b i l i t y -t h i c k n e s s Numerical methods have a l s o been used t o Satman e t a1.l0 compared and summarized some o f t h e s t u d i e s on p r e s s u r e t r a n s i e n t s i n systems w i t h r a d i a l d i s c o n t i n u i t i e s .
More r e c e n t l y , s e v e r a l papers have been p u b l i s h e d t h a t d i s c u s s t h e i n t e r p r e t a t i o n o f p r e s s u r e b u i l d u p and f a l l o f f t e s t s i n geothermal i n j e c t i o n w e l l s .
p r e s s u r e t r a n s i e n t response d u r i n g c o l d water i n j e c t i o n i n t o a h o t water r e s e r v o i r . They i l l u s t r a t e d t h e e f f e c t s o f t h e temperature dependent f l u i d p r o p e r t i e s ( v i s c o s i t y and d e n s i t y ) and t h e i n f l u e n c e o f a moving t h e r m a l boundary on t h e p r e s s u r e response. a n a l y t i c s o l u t i o n f o r c a l c u l a t i n g t h e p r e s s u r e b u i l d u p d u r i n g n o n i s o t h e r m a l i n j e c t i o n . T h i s work v e r i f i e d t h e r e s u l t s o f p r e v i o u s n u n e r i c a l s t u d i e s and p r o v i d e d an approximate s e m i -a n a l y t i c method f o r p r e d i c t i n g t h e p r e s s u r e b e h a v i o r i n an i d e a l i z e d w e l l / r e s e r v o i r system. 0' S u l l i v a n and Pruess13 and Garg and P r i t c h e t t 1 4 s t u d i e d t h e problem o f c o l d water i n j e c t i o n i n t o a two-phase geothermal r e s e r v o i r .
t h e p e r m e a b i l i t y -t h i c k n e s s o f t h e r e s e r v o i r can be c a l c u l a t e d from p r e s s u r e b u i l d -u p d a t a by u s i n g c o n v e n t i o n a l a n a l y s i s methods. Methods f o r c a l c ul a t i n g t h e s k i n f a c t o r o f t h e w e l l d u r i n g non-isothermal t e s t s have n o t been presented.
Bodvarsson and T s a n g l l used a n u m e r i c a l s i m u l a t o r t o s t u d y t h e .
Tsang and Tsang12 developed a semi-A l l o f t h e above s t u d i e s demonstrate t h a t I n t h e p r e s e n t study, a n a l y s i s methods f o r e v a l u a t i n g t h e p e r m e a b i l i t yt h i c k n e s s o f t h e r e s e r v o i r and t h e s k i n f a c t o r o f t h e w e l l are developed.
Several non-ideal f a c t o r s a r e considered, i n c l u d i n g t h e e f f e c t s o f a d i f f u s e and moving t h e r m a l f r o n t , t h a t o f a p r e -e x i s t i n g c o l d s p o t around t h e wells and w e l l b o r e storage.
APPROACH
F o r t h e purpose o f t h i s study, a n u m e r i c a l s i m u l a t o r was used t o generate p r e s s u r e t r a n s i e n t d a t a d u r i n g n o n i s o t h e r m a l i n j e c t i o n and f a l l - 2 ) The r e s e r v o i r i s h o r i z o n t a l , i n f i n i t e , o f c o n s t a n t t h i c k n e s s , and bounded above and below by impermeable rock.
3 ) Thermal c o n d u c t i o n t o t h e cap r o c k and bedrock i s neglected.
)
The r e s e r v o i r i s c o m p l e t e l y f i l l e d w i t h s l i g h t l y compressible l i q u i d water.
5) G r a v i t y slumping o f t h e c o l d water f r o n t i s neglected.
6 ) The w e l l has a f i n i t e r a d i u s and f u l l y p e n e t r a t e s t h e r e s e r v o i r .
7 ) The i n t r i n s i c p e r m e a b i l i t y o f t h e f o r m a t i o n i s independent o f temperature.
S e v e r a l o f t h e c o n s t r a i n t s on t h e p r e s e n t s t u d y warrant d i s c u s s i o n . F i r s t , d u r i n g n o n i s o t h e r m a l i n j e c t i o n i t i s w e l l known t h a t t h e d e n s i t y c o n t r a s t between t h e f l u i d s c r e a t e s a t i l t i n g o f t h e t h e r m a l f r o n t . The degree o f t i l t i n g depends on a number o f f a c t o r s i n c l u d i n g t h e v e r t i c a l p e r m e a b i l i t y o f t h e r o c k and t h e d u r a t i o n o f i n j e c t i o n . As many porous medium f o r m a t i o n s c o n s i s t o f i n t e r b e d d e d sands and shales, t h e v e r t i c a l p e r m e a b i l i t y i s l o w e r t h a n t h e h o r i z o n t a l p e r m e a b i l i t y . T h i s tends t o i n h i b i t t i l t i n g o f t h e f r o n t . Also, s i n c e t h e present study i s concerned p r i m a r i l y with i n j e c t i o n t e s t i n g when t h e t h e r m a l f r o n t has n o t advanced v e r y f a r away from t h e w e l l , t h e importance o f f r o n t t i l t i n g i s minimal. A second c o n s t r a i n t i n t h i s work i s t h a t t h e a b s o l u t e p e r m e a b i l i t y o f t h e r o c k i s independent o f t h e temperature. There a r e s t u d i e s which suggest t h a t t h e r o c k p e r m e a b i l i t y m i g h t b e temperature s e n~i t i v e l~~~~.
t h e problem c o n s i d e r e d h e r e t h e t h e r m a l f r o n t remains r e l a t i v e l y c l o s e t o t h e w e l l , temperature dependent r o c k p r o p e r t i e s s h o u l d be r e f l e c t e d by changes i n t h e s k i n f a c t o r o f t h e w e l l , r a t h e r t h a n t h e o v e r a l l p e r m e a b i l i t y o f t h e system. presented i n t h i s paper. Therefore, t h i s l a t t e r c o n s t r a i n t does n o t l i m i t t h e g e n e r a l i t y o f t h e approach p r e s e n t e d here.
However, because i n Changes i n t h e s k i n f a c t o r can be e v a l u a t e d u s i n g t h e methodology
Numerical Model
The n u m e r i c a l s i m u l a t o r PT (pressure-temperature) was used t o s i m u l a t e t h e n o n i s o t h e r m a l i n j e c t i o n and f a l l o f f t e s t s . The s i m u l a t o r i s t h r e ed i m e n s i o n a l and s o l v e s t h e mass and energy t r a n s p o r t e q u a t i o n s f o r a l i q u i ds a t u r a t e d , heterogeneous, porous and/or f r a c t u r e d medium. I t employs t h e " i n t e g r a t e d f i n i t e d i f f e r e n c e method" f o r d i s c r e t i z i n g t h e medium and f o r m u l a ti n g t h e g o v e r n i n g equations1'.
The s e t o f l i n e a r e q u a t i o n s i s s o l v e d a t each t i m e s t e p by d i r e c t means u s i n g an e f f i c i e n t sparse m a t r i x solver.18
The s i m u l a t o r i s q u i t e g e n e r a l , as i t a l l o w s f o r temperature-and/or pressure-dependent f l u i d and r o c k p r o p e r t i e s .
The f l u i d d e n s i t y i s c a l c u l a t e d as a f u n c t i o n o f p r e s s u r e and temperature, u s i n g a p o l y n o m i a l a p p r o x i m a t i o n t h a t i s a c c u r a t e t o w i t h i n 1%. F l u i d v i s c o s i t y i s c a l c u l a t e d as a f u n c t i o n
o f temperature u s i n g an a c c u r a t e ( w i t h i n 1%) e x p o n e n t i a l expression. 
i a t i o n s d u r i n g i n j e c t i o n and f a l l o f f . F a r t h e r away from t h e w e l l , t h e mesh spacing i n c r e a s e s l o g a r i t h m i c a l l y f o r a c c u r a t e modelinq o f t h e p r e s s u r e response.
A t o t a l o f 86 elements were used. The o u t e r boundary o f t h e mesh, a t 20,000 m from t h e a x i s o f t h e system, i s s u f f i c i e n t l y d i s t a n t so t h a t boundary e f f e c t s do n o t i n f l u e n c e t h e c a l c u l a t i o n s .
The t i m e s t e p s a r e a u t o m a t i c a l l y s e l e c t e d by t h e n u m e r i c a l code, based
upon u s e r -s p e c i f i e d c r i t e r i a f o r t h e maximum a l l o w a b l e p r e s s u r e and tempera t u r e changes d u r i n g each t i m e step. For most r u n s a maximum a l l o w a b l e p r e s s u r e and temperature change o f 1 b a r and 1°C were s p e c i f i e d .
a s e n s i t i v i t y study o f t h e e f f e c t s o f g r i d s i z e and t i m e s t e p s on t h e r e s u l t s and found t h a t t h e r e s u l t s were p r a c t i c a l y independent o f t h e g r i d s i z e and
W e conducted t i m e s t e p s s e l e c t e d .
I -8-
0
PRESSURE TRANSIENT BEHAVIOR DURING NONISOTHERMAL INJECTION
To i l l u s t r a t e t h e p r e s s u r e t r a n s i e n t b e h a v i o r d u r i n g nonisothermal 2 ( c o l d w a t e r ) i n j e c t i o n , a graph o f t h e s i m u l a t e d p r e s s u r e vs. l o g ( t / r D ) i s shown i n F i g u r e 2.
The temperatures o f t h e i n j e c t e d and r e s e r v o i r f l u i d s a r e 95°C and 250"C, r e s p e c t i v e l y .
A t e a r l y times, t h e pressure t r a n s i e n t s a r e i d e n t i c a l t o t h o s e f o r 250°C i s o t h e r m a l i n j e c t i o n ( s e e 250°C t h i s l i n e i n F i g u r e 2 ) .
A f t e r a p e r i o d o f time, t h e s l o p e o f t h e semilog s t r a i g h t l i n e changes and becomes i d e n t i c a l t o t h a t f o r i s o t h e r m a l 95°C i n j e c t i o n ( s e e 95°C
T h i s l i n e i n F i g u r e 2).
Note t h a t t h e p r e s s u r e t r a n s i e n t s a t s e v e r a l r a d i i a r e p l o t t e d . A l l o f t h e d a t a p o i n t s f a l l on t h e same c u r v e when p l o t t e d i n t e r m s o f ( t / r g ) . j e c t i o n w e l l a r e a l s o p l o t t e d i n t h e t o p o f F i g u r e 2. t h e change i n s l o p e o f t h e semi-log s t r a i g h t l i n e o c c u r s when t h e t h e r m a l
f r o n t passes.
The temperature d a t a a t s e v e r a l d i s t a n c e s from t h e in-
Note t h a t i n each.case, The r e l a t i o n s h i p between t h e change o f s l o p e on t h e semilog p l o t and t h e movement o f t h e t h e r m a l f r o n t can be d e r i v e d as f o l l o w s . Assuming p i s t o nl i k e displacement, t h e p o s i t i o n o f t h e t h e r m a l f r o n t i s expressed as 21 I f Eq. 1 i s d i v i d e d by t h e d i m e n s i o n l e s s r a d i a l d i s t a n c e t o t h e f r o n t r2
t h e n t h e movement o f t h e f r o n t can be expressed as
By e v a l u a t i n g Eq. 2 a t t h e w e l l i t can be seen t h a t t h e change o f s l o p e on t h e semi-log s t r a i g h t l i n e occurs a t
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For example, a t an i n j e c t i o n r a t e o f I X 10-4 m3/s/m, with an i n j e c t e d f l u i d d e n s i t y o f 900 kg/m3, and t h e r e s e r v o i r p r o p e r t i e s l i s t e d i n Table 1 ; t o i s equal t o 240 s.
Numerous s i m u l a t i o n s were conducted t o determine t h e dependence o f t o on t h e r o c k p e r m e a b i l i t y , p o r o s i t y , c o m p r e s s i b i l i t y , i n j e c t i o n temperature,
r e s e r v o i r temperature, and f l o w r a t e .
These s t u d i e s v e r i f i e d t h a t Eq. 3 g i v e s a reasonable a p p r o x i m a t i o n f o r t h e i n t e r s e c t i o n of t h e two l i n e s o f
d i f f e r e n t slopes. For example, F i g u r e 3 shows t h e p r e s s u r e t r a n s i e n t b e h a v i o r due t o i n j e c t i n g f l u i d s a t 50 C, 100 C, and 150 C i n t o a 250 C r e s e r v o i r (see Table 1 f o r r e s e r v o i r p r o p e r t i e s ) .
I n each case, t h e p r e s s u r e d a t a f a l l f i r s t on t h e " h o t slope" and t h e n on t h e corresponding " c o l d slope". Note t h a t t h e t i m e o f i n t e r s e c t i o n , to, is n e a r l y i d e n t i c a l f o r each case. Because i n j e c t i o n t e s t s a r e o f t e n conducted a f t e r t h e w e l l has been cooled by d r i l l i n g , o r a f t e r an extended p e r i o d o f i n j e c t i o n , t h e e f f e c t o f a " c o l d spot" around t h e i n j e c t i o n w e l l must a l s o be considered.
t h e p r e s s u r e t r a n s i e n t s d u r i n g 1 0 0°C water i n j e c t i o n where p r e -e x i s t i n g 1-m,
5-m, and 10-m c o l d ( l O O°C ) s p o t s a r e present.
t h e same as t h o s e used i n t h e p r e c e d i n g examples ( s e e Table 1 ).
a t e a r l y times, t h e r e s e r v o i r a c t s as a composite system w i t h an i n n e r -r e g i o n 
A f t e r a p e r i o d o f time, t h e p r e s s u r e d a t a a g a i n change s l o p e ( s e e F i g . 4 )
and become i d e n t i c a l t o t h e no-cold-spot p r e s s u r e t r a n s i e n t .
t i m e a t which second t r a n s i t i o n o c c u r s can be approximated by
The 'aCa a h r2
.
For a f l o w r a t e o f 1 X m3/s/m and t h e r e s e r v o i r p r o p e r t i e s l i s t e d i n Table 1, 
E f f e c t o f S k i n F a c t o r S i m u l a t i o n o f n o n i s o t h e r m a l i n j e c t i o n i n t o w e l l s w i t h b o t h p o s i t i v e
and n e g a t i v e s k i n f a c t o r s has a l s o been c a r r i e d out. The s k i n i s modeled
as an a n n u l a r r e g i o n o f reduced o r enhanced p e r m e a b i l i t y around t h e w e l l .
The corresponding s k i n f a c t o r s a r e g i v e n by22 ( 6 ) F i g u r e 5 shows s i m u l a t e d p r e s s u r e t r a n s i e n t d a t a a t t h e w e l l f o r s e v e r a l s k i n f a c t o r s . Table 1 .) (The r e s e r v o i r p r o p e r t i e s used i n these s i m u l a t i o n s a r e g i v e n i n
The e f f e c t o f t h e s k i n f a c t o r i s t o d i s p l a c e t h e a b s o l u t e p r e s s u r e change and s h i f t t o by a f a c t o r o f e-2s. i s m o d i f i e d and becomes
Therefore, t h e t r a n s i t i o n t i m e
The problem i s more complex i f t h e r e i s a p r e -e x i s t i n g c o l d spot around t h e w e l l . The system i s t h e n d i v i d e d i n t o t h r e e r e g i o n s : t h e s k i n r e g i o n w i t h a m o b i l i t y o f ks/Pi, t h e c o l d spot w i t h m o b i l i t y k / P i , and t h e h o t r e s e r v o i r w i t h a m o b i l i t y k/pr.
100°C water i n j e c t i o n i n t o a 250°C r e s e r v o i r w i t h a 3-m c o l d spot (100°C) a r e g i v e n f o r s e v e r a l o f t h e s k i n f a c t o r s . The f i g u r e shows t h a t t h e s k i n f a c t o r o n l y d i s p l a c e s t h e curve, w i t h o u t changing t h e s l o p e s o r t r a n s i t i o n times.
I n F i g u r e 6 , t h e p r e s s u r e t r a n s i e n t s f o r -1 2-
. Wellbore E f f e c t s I n t h e p r e c e d i n g d i s c u s s i o n s t h e i n f l u e n c e o f w e l l b o r e e f f e c t s have been n e g l e c t e d . Both t h e t h e r m a l t r a n s i e n t s i n t h e w e l l b o r e and t h e e f f e c t s o f w e l l b o r e s t o r a g e must be considered.
i n t h e w e l l b o r e , s t o r a g e e f f e c t s w i l l be l a r g e and may mask much o f t h e e a r l y -t i m e p r e s s u r e data. Therefore, t h e f i r s t semi-log s t r a i g h t l i n e may n o t be apparent. The a n a l y s i s methods presented i n t h i s paper do n o t r e q u i r e t h e presence o f t h e f i r s t semi-log s t r a i g h t l i n e . I t i s s u f f i c i e n t t o e v a l u a t e t h e d u r a t i o n o f w e l l b o r e s t o r a g e u s i n g c o n v e n t i o n a l methods and t o check t h a t t h e semi-log s t r a i g h t l i n e used f o r t h e a n a l y s i s b e g i n s a f t e r s t o r a g e e f f e c t s have ceased.
I f a f r e e l i q u i d l e v e l i s p r e s e n t Thermal t r a n s i e n t s may a l s o i n f l u e n c e t h e e a r l y -t i m e p r e s s u r e data.
If
t h e w e l l i s deep o r t h e c a s i n g diameter i s l a r g e , i t w i l l t a k e a s i g n i f i c a n t p e r i o d o f t i m e b e f o r e t h e bottomhole i n j e c t i o n temperature s t a b i l i z e s . The importance o f t h i s w i l l depend p r i m a r i l y on t h e p r e -i n j e c t i o n temperature p r o f i l e i n t h e w e l l , t h e i n j e c t i o n r a t e , t h e depth o f t h e i n t e r v a l b e i n g t e s t e d , and t h e p r e -t e s t w e l l h i s t o r y .
For a w e l l t h a t i s cooled by p r e v i o u s i n j e c t i o n t h e t h e r m a l t r a n s i e n t s a r e n e g l i g i b l e . O n t h e o t h e r hand, i f t h e w e l l i s h o t , t h e e f f e c t o f i n i t i a l l y i n j e c t i n g a column o f h o t f l u i d must be considered. Because t h e p r e -t e s t temperature p r o f i l e and t h e w e l l c o m p l e t i o n a r e s i t e -s p e c i f i c , i t i s n o t p o s s i b l e t o develop a simple c o r r e c t i o n f o r these e f f e c t s . However, to w i l l be delayed u n t i l t h e bottomhole temperature s t a b i l i z e s . I f t h e r m a l t r a n s i e n t s a r e s i g n i f i c a n t , to, must be e v a l u a t e d w i t h a w e l l / r e s e r v o i r s i m u l a t o r .
t h e e f f e c t s o f t h e r m a l t r a n s i e n t s on t h e data. For i n s t a n c e , f o r composite r e s e r v o i r b e h a v i o r and f a l l o f f s , t h e p r e s s u r e d a t a are u n a f f e c t e d by t h e r m a l w e l l b o r e t r a n s i e n t s .
C a r e f u l t e s t p l a n n i n g can be used t o a v o i d
D i s c u s s i o n
The p r e s s u r e t r a n s i e n t response o f n o n i s o t h e r m a l i n j e c t i o n w i t h a moving t h e r m a l f r o n t has been demonstrated.
d a t a can be used t o c a l c u l a t e t h e r e s e r v o i r t r a n s m i s s i v i t y , kh/u, from one of t h e semi-log s t r a i g h t l i n e s on t h e p r e s s u r e vs. l o g ( t i m e ) p l o t . I f t h e f l u i d p r o p e r t i e s t o which t h e s l o p e corresponds can be determined, t h e n kh o f t h e r e s e r v o i r can be determined. Furthermore, i f t h e f i r s t s l o p e i s apparent, e i t h e r i n t h e case o f a c o l d spot o r a moving t h e r m a l f r o n t , t h e n t h e c o r r e c t s k i n v a l u e can be c a l c u l a t e d .
C l e a r l y , t h e p r e s s u r e t r a n s i e n t s I n p r a c t i c e , however, t h e f i r s t s l o p e and t h e f i r s t break i n s l o p e may be masked b y w e l l b o r e storage. f o r c a l c u l a t i n g t h e s k i n i n t h e absence o f t h e f i r s t slope.
The second break i n s l o p e ( f o r i n j e c t i o n By examining F i g u r e s 2 , 3 , and 5 , i t can be seen t h a t t h e p r e s s u r e t r a n s i e n t response
w i t h no c o l d s p o t i s i d e n t i c a l t o t h a t o f c o l d i s o t h e r m a l i n j e c t i o n , except f o r a s h o r t p e r i o d d u r i n g which t h e p r e s s u r e changes correspond t o t h e r e s e r v o i r f l u i d p r o p e r t i e s . The p r e s s u r e o f f s e t t h a t i s c r e a t e d between t h e two curves i s a f u n c t i o n o f to, Ur, P i , and t h e d e n s i t y c o n t r a s t o f t h e f l u i d s .
This o f f s e t , Apo, can e a s i l y be c a l c u l a t e d i f k h and OBth a r e known.
vs. l o g ( t i m e ) graph and OBth can be e s t i m a t e d from w e l l l o g data, t h e o f f s e t between t h e curves can be c a l c u l a t e d from
Since kh/Pi can be determined from t h e p r e s s u r e I f t h e w e l l b o r e s t o r a g e e f f e c t s a r e s m a l l and t h e w e l l b o r e t h e r m a l t r a n s i e n t s can be neglected, to can be c a l c u l a t e d by Eq. 3 .
As s t a t e d b e f o r e , a r e s e r v o i r with p c o l d s p o t can be e n v i s i o n e d as a composite r e s e r v o i r w i t h an i n n e r -r e g i o n m o b i l i t y o f k / P i and an o u t e r -r e g i o n o f m o b i l i t y k / P r o rw), i t can be t r e a t e d as a pseudo-skin around t h e w e l l , w i t h a radius o f r f . c a l c u l a t e d i n a manner analogous t o t h e c a l c u l a t i o n o f a c o n v e n t i o n a l s k i n (Eq. 6) except t h a t t h e m o b i l i t y i s s u b s t i t u t e d f o r t h e p e r m e a b i l i t y and I f t h e i n n e r r e g i o n i s s m a l l enough (<ZOO X The pseudo-skin, h e n c e f o r t h r e f e r r e d t o as t h e t h e r m a l skin, can be i s g i v e n by S i n c e k i s t h e sane i n b o t h r e g i o n s , t h e t h e r m a l s k i n i s be g i v e n by
The steady s t a t e p r e s s u r e change a s s o c i a t e d w i t h s t can be c a l c u l a t e d from .
. ~ -1 5-* I n t h e f o l l o w i n g s e c t i o n s , procedures f o r a n a l y z i n g n o n i s o t h e r m a l i n j e c t i o n and f a l l o f f t e s t s a r e developed. 
b u t i n t h e a p p l i c a t i o n t o a f i e l d example g i v e n i n t h e f i n a l s e c t i o n , t h e formulas a r e c o n v e r t e d t o correspond t o s t a n d a r d o i l f i e l d u n i t s .
The procedures a r e based on t h e
S.I. u n i t s a r e used throughout t h e development o f t h e methods, ANALYSIS OF NONISOTHERMAL INJECTION TESTS Methods f o r a n a l y z i n g i n j e c t i o n d a t a f a l l i n t o two c a t e g o r i e s : t h a t used when t h e r e has been no i n j e c t i o n p r i o r t o t h e t e s t and t h a t used when t h e w e l l has been used f o r i n j e c t i o n p r i o r t o t h e t e s t . The f i r s t case may occur when an i n j e c t i o n t e s t is b e i n g used t o determine t h e r e s e r v o i r c h a r a c t e r i s t i c s o r perhaps when i n j e c t i o n i s b e i n g c a r r i e d o u t i n an attempt t o s t i m u l a t e t h e w e l l . t i c purposes w i l l f i t i n t o t h e l a t t e r case. The a n a l y s i s method f o r each
An i n j e c t i o n w e l l b e i n g t e s t e d f o r diagnoscase i s developed s e p a r a t e l y .
A n a l y s i s o f No-Cold-Spot I n j e c t i o n Tests I n i t i a l l y , i n t h e case o f n o n i s o t h e r m a l i n j e c t i o n w i t h o u t a c o l d spot t h e p r e s s u r e b u i l d u p i s c o n t r o l l e d b y t h e i n s i t u f l u i d temperature. L a t e r t h e i n c r e a s e i n s l o p e a t t o (Eq. 3 ) i n d i c a t e s t h a t t h e p r e s s u r e b u i l d u p i s governed b y t h e temperature o f t h e i n j e c t e d f l u i d . w i t h i n t h e f i r s t s e v e r a l minutes o f t h e t e s t and may t h e r e f o r e be masked by T h i s u s u a l l y happens w e l l b o r e s t o r a g e e f f e c t s . Thus t h e s l o p e corresponding t o i n j e c t e d f l u i d i s o f t e n t h e o n l y one t h a t w i l l be apparent. The f o l l o w i n g procedure i s used t o e s t i m a t e t h e r e s e r v o i r k h and s k i n f a c t o r when t h e t h e r m a l w e l l b o r e t r a n s i e n t s
a r e n e g l i g i b l e . I f t h e y a r e s i g n i f i c a n t , t o must be e v a l u a t e d u s i n g a n u m e r i c a l s i m u l a t o r .
1) Use Eq. 3 t o e s t i m a t e t h e t i m e a t which t h e s l o p e o f t h e p r e s s u r e t r a n s i e n t changes t o t h a t o f t h e i n j e c t e d f l u i d .
)
) On a p l o t o f p r e s s u r e vs. l o g ( t i m e ) , f i n d a s t r a i g h t l i n e from which E s t i m a t e t h e d u r a t i o n o f w e l l b o r e s t o r a g e b y c o n v e n t i o n a l methods. kh can b e c a l c u l a t e d (make s u r e t h a t t h e d a t a b e i n g analyzed a r e a f t e r t o and t h a t w e l l b o r e s t o r a g e e f f e c t s have ceased).
c u l a t e .
Then, c a l -
t o c a l c u l a t e t h e p r e s s u r e o f f s e t f o r t h e i s o t h e r m a l and n o n i s o t h e r m a l i n j e c t i o n . E x t r a p o l a t e ' t h e semilog s t r a i g h t l i n e ( m i ) t o 1 second and determine
A P l s * C a l c u l a t e
)
6 ) C a l c u l a t e t h e s k i n f a c t o r , k 2 WiBt r w s = 1.151
(""i I -l o g (14) 7 ) Re-evaluate t o u s i n g Eq. 7
t o ensure t h a t t h e d a t a used t o c a l c u l a t e t h e s l o p e o f t h e semi-log s t r a i g h t l i n e corresponds t o t h e p r o p e r t i e s o f t h e i n j e c t e d f l u i d .
Repeat t h e above procedure i f t h e i n c o r r e c t d a t a were used.
-1 7-.
The d a t a shown i n F i g u r e 5 were analyzed u s i n g t h i s procedure. The r e s u l t s a r e summarized i n Table 2 where t h e s k i n f a c t o r s , c a l c u l a t e d s k i n f a c t o r s and apparent s k i n f a c t o r s a r e given. The e f f e c t o f i g n o r i n g nonisot h e r m a l p r e s s u r e t r a n s i e n t s d u r i n g c o l d water i n j e c t
i o n ( w i t h no c o l d s p o t ) i s t o u n d e r e s t i m a t e t h e s k i n f a c t o r .
I n f a c t , even a w e l l w i t h a p o s i t i v e s k i n may appear t o have a n e g a t i v e s k i n .
t h e i n j e c t e d and i n s i t u f l u i d s t h e more t h e s k i n f a c t o r w i l l be underestimated.
The l a r g e r t h e v i s c o s i t y c o n t r a s t between
A n a l y s i s o f "Composite R e s e r v o i r " I n j e c t i o n Tests
The p r e s s u r e response t o i n j e c t i o n o f c o l d water i n t o a h o t r e s e r v o i r w i t h a c o l d spot around t h e w e l l can be d e s c r i b e d i n terms o f t h r e e p e r i o d s . The f i r s t corresponds t o t h e p r e s s u r e t r a n s i e n t a s s o c i a t e d w i t h t h e c o l d spot o f r a d i u s r f , t h e second t o t h e h o t r e s e r v o i r o u t s i d e t h e c o l d spot, and t h e t h i r d t o t h e b e h a v i o r dominated by t h e moving f r o n t .
F o r a s u f f i c i e n t l y l a r g e c o l d spot, t h e f i r s t s l o p e may be apparent; i f so, i t can be used t o c a l c u l a t e kh and t h e s k i n factor.2-6 However, t h e f i r s t s l o p e i s commonly masked b y t h e e f f e c t s o f w e l l b o r e s t o r a g e , i n which case another method o f a n a l y s i s i s needed.
To o b t a i n a reasonably a c c u r a t e a n a l y s i s o f t h e p r e s s u r e t r a n s i e n t
data, i t i s i m p o r t a n t t o have an e s t i m a t e o f t h e cummulative i n j e c t i o n (C) i n t o t h e r e s e r v o i r . I f t h i s i s a v a i l a b l e , t h e n t h e f o l l o w i n g procedure can
be used.
-1 8-
1) E s t i m a t e t h e s i z e o f t h e c o l d spot from
2 ) Use Eq. 4 t o c a l c u l a t e t h e t i m e a t which t h e h o t s l o p e w i l l begin;
and Eq. 5 t o compute t h e t i m e a t which t h e second c o l d s l o p e w i l l begin.
E s t i m a t e t h e d u r a t i o n o f w e l l b o r e s t o r a g e by c o n v e n t i o n a l methods.
From t h e s l o p e mr on a p l o t o f p r e s s u r e vs. l o g ( t i m e ) c a l c u l a t e
)
'r 9 'r "r kh = 0.183 --
( 1 6 )
Make s u r e t h a t t h e c o r r e c t s l o p e has been chosen by comparing t h e b e g i n n i n g and ending t i m e s t o t h e v a l u e s o b t a i n e d i n s t e p s
2 and 3.
5) Use Eq. 10 t o c a l c u l a t e t h e t h e r m a l s k i n f a c t o r a s s o c i a t e d w i t h t h e
c o l d spot.
) Use Eq. 11 t o c a l c u l a t e t h e p r e s s u r e d r o p a t t r i b u t e d t o t h e
c o l d spot. t h e i n j e c t e d f l u i d , and t h e i n j e c t i o n r a t e is 0.1 kg/s/m.
7) E x t r a p o l a t e mr t o o b t a i n A p l s and c a l c u l a t e 8 ) C a l c u l a t e t h e s k i n . f a c t o r f o r t h e
The c o l d spot i s t h e same temperature as Table 1 g i v e s t h e r e s e r v o i r p r o p e r t i e s used f o r t h i s s i m u l a t i o n .
The w e l l has a s k i n f a c t o r o f +2. F i g u r e 7 shows t h e p r e s s u r e t r a n s i e n t data. The d a t a i n i t i a l l y f o l l o w a s l o p e t h a t corresponds t o t h e f l u i d p r o p e r t i e s o f t h e c o l d spot.
A f t e r 20 s, t h e d a t a f a l l on t h e s l o p e corresponding t o t h e f l u i d p r o p e r t i e s o f t h e h o t r e s e r v o i r . a g a i n change t o t h e c o l d slope. T h i s l a s t t r a n s i t i o n corresponds t o . t h e t i m e a t which t h e moving t h e r m a l f r o n t s t a r t s t o dominate t h e p r e s s u r e response.
The d e p a r t u r e from t h e f i r s t s l o p e can be c a l c u l a t e d from Eq. 4 :
A t a p p r o x i m a t e l y 1.5 x l o 5 s (-42 hours), t h e d a t a
The d e p a r t u r e from t h e second s l o p e can be c a l c u l a t e d from Eq. 5:
Both o f these show good agreement w i t h t h e observed data. which i s i n good agreement w i t h t h e i n p u t data, s = 2.
I f t h e n o n i s o t h e r m a l e f f e c t s a r e neglected, an apparent s k i n v a l u e . o f +10.3 i s c a l c u l a t e d by c o n v e n t i o n a l methods. The i n p u t s k i n values, n o n i s o t h e r m a l l y c a l c u l a t e d s k i n values, and t h e apparent s k i n v a l u e s f o r t h e p r e s s u r e t r a n s i e n t d a t a i n F i g u r e 6 a r e summarized i n . T a b l e 3. 
PRESSURE FALLOFF BEHAVIOR AFTER NONISOTHERMAL INJECTION
A f t e r shut-in, immediately f o l l o w i n g n o n i s o t h e r m a l i n j e c t i o n , t h e r e s e r v o i r behaves l i k e a composite system w i t h an i n n e r r e g i o n o f m o b i l i t y k/IJi, a t r a n s i t i o n r e g i o n w i t h m o b i l i t y r a n g i n g from k / P i t o k/IJr, and an o u t e r r e g i o n o f m o b i l i t y k/Pr. I n t h i s case t h e e f f e c t s o f t h e d i f f u s e t h e r m a l t r a n s i t i o n were i n v e s t i g a t e d .
I t was found t h a t f o r a l l p r a c t i c a l purposes, t h e system c o u l d be t r e a t e d i n terms o f a t w o -f l u i d composite system. That i s , t h e p r e s s u r e t r a n s i e n t response o f a system w i t h a d i f f u s e t h e r m a l f r o n t i s p r a c t i c a l l y i d e n t i c a l t o t h a t o f one w i t h a sharp f r o n t .
D u r i n g t h e p r e s s u r e f a l l o f f , t h e t h e r m a l f r o n t moves away from t h e w e l l a t a n e g l i g i b l e r a t e .
i n terms o f t h i s composite system.
t h e f i r s t c o r r e s p o n d i n g t o t h e i n n e r r e g i o n and, e v e n t u a l l y , a second s l o p e Table 1 , except t h a t t h e p o r o s i t y i s 0.1 and t h e f l u i d d e n s i t y was h e l d c o n s t a n t a t 1000 kg/m3.
corresponding t o t h e i n s i t u r e s e r v o i r f l u i d s . T h i s i s demonstrated i n
vs. l o g [ ( t + A t ) / A t ] , t h e f i r s t slope, m i , i s apparent immediately a f t e r s h u t -i n . Once t h e r a d i u s o f i n v e s t i g a t i o n i s g r e a t e r t h a n t h e s i z e o f t h e c o l d spot c r e a t e d by l o 5 s o f i n j e c t i o n , t h e s l o p e changes t o t h a t o f t h e h o t r e s e r v o i r . The second s l o p e e x t r a p o l a t e s t o t h e c o r r e c t r e s e r v o i r p r e s s u r e ( z e r o i n t h i s case because Ap i s p l o t t e d ) . I f t h e f i r s t break i n s l o p e i s apparent, t h e s i z e o f t h e c o l d spot can be
Conversely, i f t h e s i z e o f t h e c o l d spot i s known (e.g. u s i n g Eq. 1 5 ) , t h e t i m e a t which t h e break i n s l o p e w i l l occur can be c a l c u l a t e d .
Therefore, a l l o f t h e p r e s s u r e t r a n s i e n t s can be understood
There a r e two s l o p e s i n t h e f a l l o f f data,
On t h e p l o t o f p r e s s u r e
The a n a l y s i s o f f a l l o f f
d a t a i s analogous t o t h a t o f i n j e c t i o n d a t a with
an e x i s t i n g c o l d spot. Most l i k e l y , t h e f i r s t s l o p e w i l l be masked by w e l l b o r e s t o r a g e e f f e c t s , so t h a t a procedure s i m i l a r t o t h a t discussed i n t h e p r e v i o u s s e c t i o n w i l l be r e q u i r e d , t h a t i s , 1) E s t i m a t e r f from Eq. 15.
2) C a l c u l a t e A t f from Eq. 4.
3 ) C a l c u l a t e t h e d u r a t i o n o f w e l l b o r e s t o r a g e ( a f t e r f l o w ) e f f e c t s u s i n g c o n v e n t i o n a l methods.
4) P l o t p r e s s u r e vs. l o g [ ( t + A t / A t ] , t o o b t a i n t h e s l o p e from which
kh can be c a l c u l a t e d by means o f Eq.
16.
A t f a r e n o t used f o r t h e a n a l y s i s . analyzed a r e n o t a f f e c t e d by w e l l b o r e storage.
Make s u r e t h a t d a t a b e f o r e Also make sure t h a t t h e d a t a 5) C a l c u l a t e s t from Eq. 10 and Apst from Eq. 11.
) E x t r a p o l a t e m r t o 1 second t o determine p i s .
C a l c u l a t e t h e c o r r e c t e d f l o w i n g p r e s s u r e * -Pis -P l s + "st 7) C a l c u l a t e t h e s k i n f a c t o r (19) Example I n t h i s example, a p r e s s u r e f a l l o f f d a t a a f t e r lo5 s (-1 day) o f i n j e c t i o n a r e analyzed (see F i g u r e 8).
The r e s e r v o i r p r o p e r t i e s used i n t h i s example a r e g i v e n i n Table 1 , except t h a t i n t h i s case t h e p o r o s i t y is 0.1. A v e r y i m p o r t a n t consequence o f t h e apparent p o s i t i v e s k i n i s t h a t i t w i l l c o n t i n u e t o grow w i t h repeated i n j e c t i o n t e s t i n g o r i n j e c t i o n . T h i s r e s u l t s from t h e growing c o l d spot which w i l l appear an i n c r e a s i n g t h e r m a l s k i n , s t . For example, Table 4 The t e s t segment discussed h e r e comes from a b u i l d u p midway t h r o u g h t h e t e s t . Table 5 summarizes t h e w e l l t e s t data.
The t e s t c o n s i s t e d o f s e v e r a l s t e p r a t e s .
Knowing t h e c u m u l a t i v e volume o f water i n j e c t e d p r i o r t o t h e t e s t segment t o be analyzed, t h e t h i c k n e s s o f t h e r e s e r v o i r , and t h e t h e r m a l
p r o p e r t i e s o f t h e r e s e r v o i r rock; t h e p e n e t r a t i o n o f t h e t h e r m a l f r o n t i n t o a response t i m e o f -20 min f o r t r a n s m i t t i n g l a r g e p r e s s u r e ~h a n g e s . 2~ Ap,t c a n b e c a l c u l a t e d from Eq. 11: Apst = 0.87 (48.) (6.7) = 281 p s i
From t h e s t r a i g h t l i n e on t h e p r e s s u r e vs. log ( t i m e ) p l o t , plhr = 560 p s i ; I n a previous analysis, which ignored t h e nonisothermal behavior, a s k i n value o f +3.7 was ~a l c u l a t e d .~~ The positive s k i n value was contrary t o the evidence, which suggested t h a t t h e well had been inadvertently hydraulically fractured a t an e a r l i e r date.
calculated here suggests t h a t a f r a c t u r e i n t e r s e c t s t h e well.
The small negative s k i n value T h i s is consistent w i t h t h e well history.
A n u m e r i c a l s i m u l a t o r was used t o s t u d y p r e s s u r e t r a n s i e n t b e h a v i o r when f l u i d a t one temperature i s i n j e c t e d i n t o a r e s e r v o i r a t another temperature. The f o l l o w i n g r e s u l t s have been obtained.
I 1)
When t h e p r e s s u r e t r a n s i e n t b e h a v i o r i s c o n t r o l l e d by a moving t h e r m a l f r o n t , t h e downhole p r o p e r t i e s o f t h e i n j e c t e d f l u i d must be used t o c a l c u l a t e kh o f t h e r e s e r v o i r .
2 ) I f t h e r e i s a p r e -e x i s t i n g t h e r m a l d i s c o n t i n u i t y , c r e a t e d by p r e v i o u s i n j e c t i o n , t h e moving t h e r m a l f r o n t w i l l n o t c o n t r o l t h e p r e s s u r e t r a n s i e n t b e h a v i o r u n t i l f a i r l y l a t e times.
For most p r a c t i c a l times, t h e system may be t r e a t e d as a composite r e s e r v o i r with an i n n e r . r e g i o n o f m o b i l i t y k / P i and an o u t e r r e g i o n o f m o b i l i t y k/Pr.
3 ) P r e s s u r e f a l l o f f d a t a can be analyzed assuming a composite r e s e r v o i r model, t h e i n n e r r e g i o n h a v i n g a m o b i l i t y o f k / P i and t h e o u t e r r e g i o n h a v i n g a m o b i l i t y o f k / P r . If t h e r a d i u s t o t h e f r o n t i s s m a l l enough t h e i n n e r r e g i o n can be t r e a t e d as a t h e r m a l s k i n e f f e c t .
4)
Changes i n t h e s l o p e o f t h e semi-log s t r a i g h t l i n e o f t h e p r e s s u r e vs. l o g ( t i m e ) d a t a due t o non-isothermal e f f e c t s may b e i n c o r r e c t l y i n t e r p r e t e d as r e s e r v o i r boundaries.
5) I f n o n i s o t h e r m a l p r e s s u r e t r a n s i e n t s a r e ignored, t h e s k i n f o r n o n i s o t h e r m a l p r e s s u r e t r a n s i e n t s .
The r e s u l t s o f t h i s study a r e q u i t e g e n e r a l and a r e a p p l i c a b l e t o many problems i n which t h e f r o n t moves a t a r a t e t h a t i s p 19. Doughty, C., Buscheck, T.A., and Tsang, C.F.,
, P r e d i c t i o n and a n a l y s i s o f a f i e l d experiment on a m u l t i -l a y e r e d a q u i f e r thermal energy s t o r a g e system w i t h s t r o n g bouyancy f l o w :
Water Resources Research (October, 19831, Vo1.19, No.5, p.1307 
21.
Bodvarsson, G., 1969, O n t h e temperature o f watei. f l o w i n g through f r a c t u r e s : Journal o f Geophysical Research, v. 74, no. 8, p.1987 Research, v. 74, no. 8, p. -1992 22. Earlougher, R.C., Jr., 1977, Advances i n w e l l t e s t a n a l y s i s : S o c i e t y o f Petroleum Engineers, Monograph. Table 2 . S k i n f a c t o r a n a l y s i s f o r p r e s s u r e t r a n s i e n t d a t a shown i n F i g u r e 5. +Apparent s k i n f a c t o r s a r e c a l c u l a t e d u s i n g s t a n d a r d i s o t h e r m a l a n a l y s i s methods.
250'C
(See r e f e r e n c e 2 2 ) . Table 3 . Comparison between i n p u t and c a l c u l a t e d s k i n values f o r t h e p r e s s u r e t r a n s i e n t d a t a i n F i g u r e 6 .
C a l c u l a t e d S k i n Apparent I n p u t S k i n ( n o n i s o t h e r m a l ) Skin Table 4 . S k i n f a c t o r a n a l y s i s a f t e r lo4, 105, and lo6 s o f 100°C i n j e c t i o n i n t o a 250°C r e s e r v o i r . Well r a d i u s
Well d e p t h Open i n t e r v a l I n j e c t i o n i n t e r v a l ( h ) R e s e r v o i r t e m p e r a t u r e I n j e c t i o n t e m p e r a t u r e ( s a n d f a c e ) 
Figure 4
Pressure t r a n s i e n t data f o r i n j e c t i o n o f 100°C water i n t o a 250°C reservoir w i t h cold spots around the well. 
